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Intrarenal hemodynamics in the transplanted rat kidney. Re-
gional and single glomenilar blood flow conditions in the trans-
planted rat kidney after various periods of cold ischemia were
investigated with use of the microsphere method. Intravascular
injection of a silicon rubber compound (Microfil) allowed identifI-
cation and sampling of single glomeruli. The periods of ischemia
were two hours (minor damage), 12 hr (intermediate damage), and
16 hr (severe damage). After two hours of cold ischemia, the
regional and total renal blood flows were fairly normal. After 12 hr
and 16 hr of cold ischemia, the total and regional blood flows were
reduced five minutes after recirculation, the reduction being pro-
nounced in the deep cortex and juxtamedullary glomeruli. In the
12-hr group, the blood flow showed complete restitution after 65
mm, whereas in the 16-hr group, the blood flow in the inner cortex
and juxtamedullary glomeruli remained decreased. An impairment
of medullary circulation would seem to be an important compo-
nent in the pathophysiology of acute renal failure in this model.
Hemodynamique intrarénale dans le rein transplanté de rat. Le
debit sanguin renal regional et dans les glomerules individuels a été
étudié dans le rein transplanté de rat aprCs des durées variables
d'ischCmie froide les debits sont diminués cinq minutes après Ia
recirculation, Ia reduction est plus importante dans le cortex pro-
mere de silicone (Microfil) a permis l'identiflcation et le
prelèvement de glomérules individuels. Les penodes d'ischémi ont
été de deux heures (lesions minimes), 12 hr (lesions moyennes), et
16 hr (lesions sévères). A'pres deux heures d'ischémie froide, les
debits sanguins régionaux et total sont normaux. Après 12 et 16 hr
d'ischémie froide au moyen d'une technique utiisant les mi-
cro spheres. L'injection intravasculaire d'une preparation
fond et les glomerules juxtaméduilaires. Dans le groupe de 12 hr
d'ischémie froide, un rétablissement complet des debits est obser-
vée après 65 mm alors que dans le groupe de 16 hr d'ischémie
froide, le debit du cortex interne et des glomerules juxtamédul-
laires reste diminué. Une modification de la circulation médullaire
semble Ctre une composante importante dans la physiopathologie
de ce modèle d'insuffisance rénale aiguë.
Transplantation of kidneys involves a sequence of
events from the removal of the donor kidney, the
perfusion and storage of this kidney in a hypothermic
milieu, and finally, its insertion into the recipient. All
these factors, either alone or in combination, might
induce functional damage to the transplanted kidney.
In a previous experiment [lii we found that trans-
planted rat kidneys exposed to a short period of cold
ischemia (two hours) function almost normally, with
no increase in the plasma creatinine concentration.
With longer periods of cold ischemia, acute renal
failure develops.
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This condition is characterized by isosthenuria
(oliguric or polyuric) or anuria, and a heavily de-
pressed glomerular filtration rate, as measured by
clearance techniques. Ischemia has naturally been
considered an important causative factor in acute
renal failure. In fact, reduced cortical blood flow in
acute renal failure has been reported by several
workers [2—6]. Recent investigations, however, have
shown that after ischemic injuries the total renal
blood flow is well preserved [7—11].
The distribution of the blood flow in acute renal
failure has also been the subject of several investiga-
tions. During hemorrhagic hypotension not causing
renal failure, some authors have reported a redistri-
bution of the blood flow towards the deep cortex [12,
13], whereas others [14, 15] have found no major
change in distribution. On the other hand, in the case
of an acute renal failure caused by ischemic damage,
with quantitative techniques most investigators have
found a redistribution of the renal blood flow towards
deep areas of the cortex [5, 161, whereas investiga-
tors who have used carbon or silicon rubber injec-
tions to visualize the vascular tree have usually
found a "no-reflow phenomenon" in deep cortex and
renal medulla [17—191.
Failure of a transplanted kidney has many charac-
teristics in common with the acute renal failure after
shock described above. The situations, however, are
quite different in many respects. The greatest differ-
ences are: 1) The transplanted kidney is denervated.
2) The perfused kidney contains only minute quan-
tities of blood during ischemia, which may be of
significance since blood degradation products might
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be toxic to the kidney. 3) Metabolic pathways are
not the same during hypothermia and normothermia
[20]. 4) Recirculation of the cold kidney with warm
blood might induce secondary "warm" ischemic
damage, since some areas may be excluded from
blood supply.
Regional blood flow during the early phase after
insertion of a kidney graft has not as yet been investi-
gated in detail. The aim of the present investigation
was to study the blood flow distribution in the trans-
planted rat kidney exposed to short periods of cold
ischemia with no renal damage and to longer periods
of cold ischemia causing renal failure.
Methods
The experiments were performed on male
Sprague-Dawley rats weighing between 230 and 310
g. All rats were obtained from the same breeder
(Anticimex, Stockholm, Sweden) and from the same
animal house. They were deprived of food for 12 hr
before the experiment but had free access to water.
Anesthesia was induced with mactin® (Promonta,
GmbH, West Germany) given i.p. in a dose of 120
mg/kg of body wt. The rats were tracheostomized
and placed on a servocontrolled heating table.
The donor animals were pretreated i.v. with an
alpha-adrenergic blocking agent (phenoxybenza-
mine, 3 mg/kg of body wt) 60 mm before and with
heparin (100 lU/rat) 20 mm before excision of the
kidney. The left kidney was exposed via a midline
incision and removed together with the renal pedicle.
The duration of warm ischemia was kept constant at
five minutes. The kidney was then perfused at 4° C
for 20 mm at a rate of 1.3 mI/mm with a modified
Collins solution to which human albumin had been
added in a final concentration of five percent. The
perfusion was pulsatile with a frequency of one to 2
Hz and a pulse amplitude of less than 5 mm Hg.
The perfusion pressure was continuously measured
by a pressure transducer (Statham P23). As a rule,
the initial perfusion pressure was 60 mm Hg and
decreased successively to about 40 mm Hg at the end
of the perfusion. After the perfusion, the kidneys
were stored at 4° C for either two hours (four experi-
ments), 12 hr (seven experiments), or 16 hr (five
experiments).
The recipients were bilaterally nephrectomized via
a midline incision. On the left side, the side to re-
ceive the graft, approximately half of the renal artery
and renal vein was left. The kidney graft was then
inserted with end-to-end anastomosis of the renal
arteries and the renal veins. The ureter was cannu-
lated with a silicon rubber catheter (I.D., 0.50 mm;
Down Corning Corp., Midland, Mich.). During the
insertion, the kidney was suspended in a specially
designed micropuncture cup in which it was continu-
ously superperfused with ice-cold saline. The ef-
fluent from the superperfusion was sucked away to
prevent cooling of the recipient animal. In addition,
the cup was cooled by perfusing ice-cold water
through a chamber in the bottom. With this tech-
nique, the temperature in the parenchyma was kept
at 4° C and an uncontrolled "half-warm" ischemia
was avoided. The cooling was discontinued soon
before the circulation was restored. For a detailed
description of the transplantation technique, see
Harvig and Norlén [1].
A polyethylene catheter was inserted into each
femoral artery. The catheter in the left femoral artery
was used for blood pressure recordings and that in
the right, for taking reference blood samples during
the injection of microspheres. The microspheres
were injected through a polyethylene catheter intro-
duced through the right carotid artery with the tip
placed in the aortic root, just above the aortic values.
The left femoral vein was catheterized for continu-
ous infusion of saline; the infusion rate was 0.6 mI/hr
for anuric kidneys and 1.2 mI/hr for normal or
polyuric kidneys.
Microspheres (15 pPm) labeled with cerium 141 and
strontium 85 (3M Co., St Paul, Minn.) were sus-
pended in rat plasma, since the plasma suspension
proved to be more stable than the suspension in
saline [21]. The experiments were conducted by in-
jecting about 400,000 microspheres through the cath-
eter placed in the aorta; the injection time was 20
sec. During this time a reference blood sample was
drawn at a constant rate (0.65 mI/mm) from the right
femoral artery. As a rule, the 141Ce-microspheres
were used for the first injection (five minutes after
recirculation), and the 85Sr-microspheres were used
for the second (65 mm after recirculation).
To visualize the renal vascular bed, a colored
silicon rubber compound [22] (Microfil, Canton
Biomed. Prod. Inc., Boulder, Col.) was injected via a
fairly large catheter (PP-SO) introduced into the renal
artery. The kidney was then excised, together with
the heart, lungs, liver, spleen, right testis, and breast
muscular tissue. The kidney was macerated for 30
mm in 5 N hydrochloric acid at 40° C, embedded in
carboxymethyl cellulose gel, and frozen to —20° C.
With a microtome, 200-sm-thick sections were cut in
the longitudinal axis of the kidney. From the sec-
tions, glomeruli were sampled manually with the
guidance of a microscope with a magnification of
x 20. The glomerular populations studied were su-
perficial and juxtamedullary glomeruli. The cortical
glomeruli were sampled from the outer third of the
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cortex, i.e., in the area denoted as zone I. The
juxtamedullary glomeruli were defined as those in
which the efferent arteriole divided, with one trunk
descending into the medullary region and branching
into a number of vasa recta (the microfil allowed for
the visualization and subsequent microdissection).
Juxtamedullary glomeruli, as defined in this way,
were in most cases located in the juxtamedullary
region, but also in the middle portion of the cortical
parenchyma. Conversely, many glomeruli in the jux-
tamedullary region were of the cortical type, not
giving rise to vasa recta.
Fifty to 100 glomeruli of each type were sampled.
The 20O-m-thick sections were then subdivided into
four zones of equal thickness cut perpendicular to
the striatal direction: zone I represented the superfi-
cial cortex, zones II and III the midcortical region,
and zone IV the juxtamedullary region and the me-
dulla. Two to five samples were taken from different
parts of each kidney in order to avoid sampling
errors.
The different tissue samples (cortical slices, super-
ficial and juxtamedullary glomeruli) and the blood
reference samples were analyzed for their radioiso-
topic content in a two-channel gamma spectrophoto-
meter (Nucab AB, Goteborg, Sweden). The blood
flow in the specimen was calculated as:
= M/M,
where f is the blood flow, f the blood sampling rate,
M the activity in the specimen in question, and M
the activity found in the reference blood sample.
Cardiac output was determined by the same equa-
tion, but here the factor M denoted the total amount
of activity injected minus the activity in the heart,
and f represented cardiac output or, more precisely,
cardiac output minus the coronary blood flow.
To estimate the blood flow distribution to the dif-
ferent zones described above, the percentage contri-
bution from each zone to the entire section was first
calculated. To obtain the absolute blood flow to the
different zones, the percentage contribution was
multiplied by the total renal blood flow. This mode of
calculation assumes that the zones were representa-
tive for the whole kidney. Student's t test for paired
data was used for statistical analysis of differences in
blood flow between the first and second injection.
Statistical comparisons between the groups were
made by analysis of variance. Normal values were
taken from Kallskog et al [23]. These values were
obtained using the same strain of rats and the same
experimental conditions, except for the transplanta-
tion procedure.
Functional characteristics of the kidneys. A de-
tailed analysis of the functional characteristics of
kidneys exposed to two, 12, and 16 hr of cold isch-
emia is published elsewhere [24]. Some characteris-
tic data for the different groups are given below:
Two-hour group. The kidney surface was normal.
Urine production started within five minutes. The
kidneys were polyuric but were able to concentrate
the urine within one hour after recirculation. Inulin
clearance was slightly depressed to 0.9 mI/mm rat
(normally 1.2 mllmin).
12-hour group. The kidney surface displayed het-
erogeneity of tubules, some were collapsed and oth-
ers dilated, but fairly "normal" tubules were also
present. Urine production started within 30 mm. The
kidneys were polyuric and isosthenuric. Inulin clear-
ance was greatly depressed to 0.05 mllmin.
16-hr group. The kidney surface showed heteroge-
neity of tubules. The collapsed tubules were predom-
inant. Urine production began within 60 mm. The
kidneys were oliguric and isosthenuric. Clearance of
inulin was even more depressed than it was in the 12-
hr group, to 0.005 mI/mm.
Results
General condition of the animal. The hemody-
namic characteristics for each group of transplanted
rats are presented in Table 1. There were no signifi-
cant (P > 0.05) differences between the groups re-
garding blood pressure, pulmonary trapping of mi-
crospheres, and blood flow in muscular tissue and
testes. Hepatic and splenic blood flow showed less
constancy, probably due to displacement of these
organs during the surgical procedure. Cardiac output
did not differ (P > 0.05) between the groups, except
that in the 16-hr group, measured 65 mm after recir-
culation, in which it was significantly reduced (P <
0.05). This cannot be explained with certainty, but it
cannot be excluded that a myocardial depressing
factor might have been released from the ischemic
kidney.
Renal hemodynamics
All blood flow data are presented in Table 2 and as
histograms in Figure 1. Significant differences on the
five percent level for the paired data (5-mm injections
vs. 65-mm injections) are indicated in Figure 1 by an
asterisk.
Total renal blood flow (RBF). RBF in the two-hour
group was normal five and 65 mm after recirculation.
Twelve and 16 hr of cold ischemia resulted in a
decrease of the initial blood flow, as compared with
the two-hour group (P <0.005). There was no initial
difference between the 12- and 16-hr groups. After 65
mm, the blood flow had reached normal values in the
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Table 1. General conditions of the animal, as tevealed by the cardiac output and the blood flow distribution to some
organsa
Time after
recirculation 2-hr group 12-hr group 16-hr group
Cardiac output
mi/mm 100 g 5 mm
65 mm
24.5 3.7
22.6 3.7
30.1 1.3
23.6 1.6
23.8 1.9
15.8 1.6
Liver
mi/mm g 5 mm
65 mm
0.46 0.10
0.27 0.02
0.97 0.15
0.73 0.14
0.78 0.07
0.60 0.12
Spleen
mi/mm g 5 mm
65mm
0.79 0.09
0.89±0.11
1.36 0.22
1.07±0.10
0.91 0.09
0.71±0.14
Testicle
mi/mm . g 5 mm
65 mm
0.37 0.11
0.41 0.07
0.32 0.05
0.32 0.05
0.20 0.02
0.22 0.04
Muscle
mi/mm g 5 mm
65 mm
0.14 0.07
0.10 0.03
0.10 0.03
0.09 0.03
0.08 0.03
0.04 0.01
Lung
%ofinj. 5mm
65mm
1.6±0.3
2.1 1.9
1.4±0.2
1.1 0.1
1.5±0.5
0.7 0.1
Arterial pressure
mmHg 5mm
65 mm
131±7
114 4
123±3
120 4
120±8
110 10
All values are given as the mean SEM.
Table 2. Total renal blood flow (RBF) and blood flow in cortical and juxtamedullary glomeruli in kidneys exposed to 2, 12, and 16 hr ofcold
ischemia
Cold ischemia
Weight
g
RBF
mi/mm 1
Glomerular blood flow
00 g ni/mm 100 g
5 mm
Cortical Juxtamedullarl
65 mm 5 mm 65 mm 5 mm 65 mm
2-hr
Mean
SD
310
280
230
240
265
37
1.36
1.47
2.12
1.68
1.66
0.34
1.44 102 81 46 57
1.95 106 111 54 92
1.65 106 61 27 27
2.50 98 145 88 140
1.89 103 100 54 79
0.46 4 37 25 49
12 hr
Mean
SD
300
300
290
250
285
24
1.06
0.56
1.08
1.33
1.01
0.32
2.60 52 190 16 86
1.45 52 111 0 41
2.25 100 241 14 159
2.27 106 162 48 96
2.14 78 176 20 96
0.49 30 54 20 49
l6hr
Mean
SD
300
260
290
270
280
280
16
0.19
0.60
1.20
1.18
0.37
0.71
0.46
1.30 10 88 0 Ill
0.63 64 71 8 6
1.67 63 159 31 90
1.50 94 124 35 7
0.91 11 57 2 10
1.20 48 100 15 45
0.43 37 42 17 51
Mean
SD
260
270
280
270
10
1 mm
1.20
0.38
0.77
0.78
0.41
12-hr group when tested for an initial hyperemia
5 mm I mm 5 mm I mm 5 miii
0.72 86 89 45 13
0.72 54 91 12 12
0.76 73 105 17 16
0.73 71 95 25 14
0.02 16 9 18 2
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Fig. 1. Total renal blood flow, blood flow in cortical and true
juxtamedullary glomeruli, and the cortical blood flow distribution
to superficial cortex (zone I), the midcortical region (zones II and
III), and the deep cortex and renal medulla (zone IV). All figures
are given as mean SEM. The figure includes the hemodynamic
conditions in normal kidneys and kidneys exposed to 2, 12, and 16
hr of cold ischemia. The hatched columns refer to the study made
5 mm after the onset of the circulation and the open columns to the
same conditions 65 mm after this onset. Significant alterations on
the 5% level at paired comparisons are indicated by an asterisk
below the columns. NS denotes no significant change. (See text for
reference for normal kidneys.)
two and 12-hr groups but was still reduced in the 16-
hr group (P < 0.005), though moderate restitution
had occurred.
Glomerular blood flow. The blood flow in the cor-
tical glomeruli reflected the pattern for the total renal
blood flow, i.e., an initial reduction in flow in kidneys
exposed to the longer periods of cold ischemia. In
the glomeruli of the 12-hr group, the blood flow was
restored, whereas in the 16-hr group, it remained
reduced (P < 0.025). In the juxtamedullary glomer-
uli, there was a marked decrease in both the 12- and
16-hr groups five minutes after recirculation (P <
0.01). In kidneys exposed to 12 hr of cold ischemia,
the juxtamedullary glomerular blood flow was com-
pletely restored. In the 16-hr group, there also
seemed to be some restoration, but this was probably
due to unrepresentative samples, as will be discussed
later.
Regional blood flow. The blood flow distribution
to the superficial cortex (I), the midcortical regions
(II and III), and the deepest regions (IV) is shown in
Figure 1 (lower panel). In the outer region (I), the
blood flow was decreased in the kidneys exposed to
12 and 16 hr of cold ischemia but not in those ex-
posed to the shortest time of cold ischemia (P <
0.025). After 65 mm, the blood flow was normal
throughout the zone. In the midcortical regions
(zones II and III), the blood flow was clearly reduced
in the kidneys exposed to 12 and 16 hr of cold
ischemia after five minutes (P < 0.025). In the 12-hr
group, the blood flow was restored after 65 mm,
whereas in the 16-hr group no restoration took place
(P < 0.005). In the juxtamedullary zone (IV), there
was a pronounced decrease in blood flow in the 12-
and 16-hr groups (P < 0.001). Again, the kidneys
exposed to 12 hr of cold ischemia showed restoration
within one hour, whereas with the longer period of
cold ischemia the blood flow was still decreased at
that time (P < 0.005).
This pattern of response was also observed when
the vascular bed of the kidneys was filled with a
silicon rubber compound (Microfil®). The vascular
tree in kidneys exposed to two hours of cold is-
chemia was completely filled with Microfil® in all
areas. After longer periods of cold ischemia, the
deeper regions were more poorly filled, especially in
the medulla.
In order to ascertain whether an initial hyperemia
preceded the blood flow reduction five minutes after
recirculation, microspheres were injected one min-
ute and five minutes after the circulation was re-
stored in the 12-hr group. Data from three experi-
ments, presented in Tables 2 and 3, gave no
indication of such an initial hyperemia.
In summary, the blood flow pattern in the kidneys
exposed to two hours of cold ischemia was fairly
normal. This means that pretreatment, excision,
preservation, and transplantation of the kidney per
se were compatible with the maintenance of normal
total and regional blood flow. After longer periods of
cold ischemia, there was a distinct reduction of the
blood flow, especially in the deeper cortical regions.
The blood flow reduction in the deeper regions was,
however, reversible within one hour in kidneys ex-
posed to 12 hr of cold ischemia, whereas after the
longer ischemic period of 16 hr, the circulation in the
deeper regions remained depressed.
Discussion
Most physiological studies on preservation and
transplantation have been carried out on the canine
kidney. Studies on the rat kidney, however, will
have the advantage of a more homogeneous material,
and the rat is more suitable for micropuncture stud-
ies. The idea of the experimental design used here
Renal blood flow
I NS
I 2hr l2hrl6hr
"Normal'
Glomerular blood flow
Cortical Juxta medullary
.2oot
.1oIH 1iit
NS ' NS • NS
/ 2hr l2hr lehr / 2hr l2hr 16 hr
Normal" "Normal'
Regional blood flow
oO,8
_ L
'Normal" NS NS NS NS . NS NS NS
II Ill IV I It Ill IV I II III IV
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Table 3. The renal blood flow distribution to the outer cortex (zone 1), midcortical region (zones II and 111), and deep cortex and renal
medulla (zone IV) in kidneys exposed to 2, 12, and 16 hr of cold ischemia
Cold ischemia
Weight
g
Regional blood flow, mi/mm 10(3 g
5 mm
Zone I
65 mm
Zone II Zone HI
5 mm 65 mm 5 mm 65 mm
Zon
5 mm
e IV
65 mm
2 hr
Mean
SD
310
280
230
240
265
37
0.58
0.34
1.24
0.60
0.69
0.39
0.59
0.50
0.71
0.68
0.62
0.09
0.42 0.38 0.28 0.19
0.60 0.80 0.30 0.31
0.59 0.50 0.19 0.31
0.55 0.78 0.23 0.49
0.54 0.62 0.25 0.33
0.08 0.21 0.05 0.12
0.17
0.23
0.09
0.30
0.20
0.09
0.19
0.34
0.12
0.55
0.30
0.19
12 hr
Mean
SD
300
300
290
250
285
24
0.31
0.36
0.27
0.54
0.37
0.12
1.11
0.73
0.68
0.76
0.82
0.20
0.41 0.83 0.29 0.45
0.13 0.40 0.05 0.19
0.50 0.82 0.24 0.42
0.55 0.87 0.19 0.42
0.40 0.73 0.19 0.37
0.19 0.22 0.10 0.12
0.05
0.02
0.08
0.05
0.05
0.02
0.22
0.13
0.34
0.22
0.23
0.09
16 hr
Mean
SD
300
260
290
270
280
280
16
0.19
0.20
0.39
0.50
0.15
0.29
0.15
0.56
0.32
0.77
1.04
0.58
0.65
0.27
0.00 0.37 0.00 0.25
0.17 0.24 0.17 0.06
0.47 0.54 0.22 0.23
0.38 0.37 0.24 0.07
0.14 0.25 0.07 0.05
0.23 0.35 0.14 0.13
0.19 0.12 0.10 0.10
0.00
0.06
0.12
0.07
0.01
0.05
0.05
0.12
0.02
0.13
0.03
0.03
0.07
0.05
Mean
SD
260
270
280
270
10
1 mm
0.43
0.13
0.23
0.26
0.15
5 mm
0.39
0.37
0.28
0.35
0.06
12-hr group when tested for an initial hyperemia
1 mm
0.02
0.05
0.05
0.04
0.02
5 mm
0.03
0.03
0.04
0.03
0.01
i mm 5 mm i mm 5 mm
0.50 0.37 0.23 0.07
0.11 0.27 0.09 0.05
0.38 0.32 0.10 0.13
0.33 0.32 0.14 0.08
0.20 0.05 0.08 0.04
was to minimize the variability caused by the experi-
mental procedure. For this reason, the present series
was preceded by a large number of pilot studies
(about 100 transplantations). With the small method-
ological error thus achieved, and utilizing analyses of
variance in the statistical evaluation, it was possible
to use a restricted experimental material subdivided
into several groups.
The mode of preservation and the perfusion solu-
tion were chosen to simulate the clinical situation.
The technique per se has been found not to cause
disturbances of renal function as judged from the
postoperative plasma creatinine levels [1]. End-to-
end vascular anastomosis was used, since this causes
minimum disturbances of the central hemodynamics
of the recipient. The present findings of an un-
changed systemic blood pressure after the restora-
tion of circulation, a normal cardiac output, and a
normal distribution of cardiac output support this
conception.
The choice of the three periods of cold ischemia
was also based on the results of previous studies.
The two-hour group will thus represent kidneys with
minimum functional damage which give 100% sur-
vival when transplanted to bilaterally nephrecto-
mized rats. The group of kidneys exposed to 16 hr of
cold ischemia represents the opposite extreme, with
almost 100% death from uremia. The 12-hr group
represents an intermediate situation with approxi-
mately 50% mortality among the recipient rats [ill.
Histoincompatible strains of rats have been used
in these experiments. Preformed antibodies may oc-
cur but are rare; thus immunological reactions are
unlikely to occur during the first days after transplan-
tation (WIGZELL H, personal communication).
Moreover, histocompatible rats (Lewis X Brown
Norway Fl) gave the same hemodynamic changes in
control experiments (NORLEN BJ, KALLSKOG 0:
IJnpublished observations).
Concerning the microsphere technique, several
problems are encountered. It could be supposed that
axial streaming of the spheres would lead to an over-
representation of the microspheres in the superficial
glomeruli. A comparison between the blood flow
determined by the microsphere technique and the
flow calculated from single nephron glomerular filtra-
tion rate (SNGFR) and filtration fraction (analyzed in
star vessel blood) has, however, shown a good agree-
ment both under normotension and at a reduced
perfusion pressure [251!.
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For determination of the glomerular blood flow, a
prerequisite is, obviously, that the spheres are
trapped within the glomerular capillaries. This pre-
requisite, however, seems to be fullfilled since few
spheres were found outside the glomeruli. Any major
arterio-venous shunting of the microspheres could
not be established; the pulmonary trapping was the
same as under normal conditions, about one to three
percent.
In the present series, errors could result from an
unrepresentative sampling of glomeruli. Only those
glomeruli which were visualized by the microfil were
harvested. The microfil only gained access to vessels
open at the time of the microfil injection. In the
kidneys exposed to 12 hr and 16 hr of cold ischemia,
the juxtamedullary zone was poorly filled, and only a
small number of glomeruli forming vasa recta
could be identified and, thus, harvested. Juxtamedul-
lary glomeruli without blood perfusion at the time of
microfil injection would thereby escape sampling,
whereas others with intact circulation would be col-
lected. The figures obtained for the juxtamedullary
glomerular blood flow will thus represent an over-
estimation, at least for the blood flow conditions one
hour after insertion of the kidney graft. In the cortex,
there were no clear signs of an uneven distribution of
the microfil, as judged from the macroscopical exam-
ination. The occurrence of ischemic glomeruli inter-
mingled among glomeruli with intact circulation,
however, could not be excluded.
On microscopical examination of the kidney sur-
face, some areas showed an ischemic appearance
with a sluggish flow in the peritubular capillaries,
suggestive for patchy glomerular ischemia. Conse-
quently, the figures obtained for the glomerular
blood flow in the cortex would also mean at least
some overestimation.
In this investigation, the blood flow to the deepest
cortical layer and, especially, the blood flow in the
true juxtamedullary glomeruli were used for indirect
evaluation of the blood flow to the renal medulla. It
must be emphasized, however, that a normal or a
restored blood flow in the juxtamedullary glomeruli
is not equivalent to a normal blood flow in all regions
of the medulla. The countercurrent arrangement of
the vasa recta and the parallell peritubular capillary
system offer anatomical possibilities for shunting of
blood past the deeper parts of the medulla and the
papila.
Pathophysiology. The results show that in kidneys
exposed to longer periods of cold ischemia (12 and 16
hr), the blood flow was decreased five minutes after
recirculation, and was especially low in the deep
cortical region. In the 12-hr group, the blood flow
was restored in all areas 65 mm after recirculation. In
the 16-hr group, however, the restoration was re-
stricted to the outer cortical regions, whereas the
blood flow in the deep and mid-cortical zones, as
well as injuxtamedullary glomeruli, remained greatly
decreased. Since the transplantation maneuvers
were the same in the two-, 12-, and 16-hr groups, the
observed differences in the hemodynamic conditions
could be attributed to the cold ischemia in itself.
In this context, it should be emphasized that the
blood flow in the renal medulla, even under normal
conditions, is considerably lower than the cortical
blood flow; thus the blood flow in the outer medulla
is 2.0 mI/mm g of tissue and decreases progres-
sively to 0.5 mLfmin g of tissue in the inner zone,
whereas the cortical blood flow is 5 mI/mm g of
tissue [261. In addition to the low medullary blood
flow, the countercurrent arrangement of the vasa
recta system will mean that substrates and oxygen
may short-circuit across the vasa recta limbs and not
reach the inner medullary region [27, 281.
This phenomenon is also reflected in a low urinary
oxygen tension [28, 291. One consequence of the
countercurrent exchange system is that the "nutri-
tive" blood flow will decrease more than in propor-
tion to the "absolute" blood flow [30]. In the present
series, the blood flow in the true juxtamedullary
glomeruli was reduced to one-fourth of normal or
less. This would mean that the nutritive flow in the
inner medulla was less than 25% of the original
nutritive blood flow. This signifies that the renal
medulla, especially the inner zone, was subjected to
a relative ischemia equivalent to "warm ischemia"
after onset of the circulation.
The ischemia could be expected to cause func-
tional disturbances of the tubular segments located in
the juxtamedullary region and the medulla, i.e., the
loop of Henle and the collecting ducts. It might also
cause structural changes with swelling of endothelial
and tubular epithelial cells. Moreover, a slower flow
in the vasa recta and ioop of Henle will mean a
reduced transport of metabolites and hormones syn-
thesized in the medulla. Again, the reduction in
transport will be greater than is proportional to the
decreased absolute blood flow. It should be stated
that, even if the damage is restricted to the medulla,
whole kidney function may be affected also.
The present finding of a fairly well-preserved total
renal blood flow after transplantation is in agreement
with most reports from studies of human kidneys
[31, 32] investigated with an electromagnetic flow-
meter or the '33Xenon wash-out method. The latter
method is accurate for total blood flow measure-
ments, whereas the study of blood flow distribution
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is hampered by difficulties in translating the different
functional compartments obtained into well-defined
anatomical regions. No detailed studies of the re-
gional renal blood flow at the level of single glomeru-
lar perfusion appear to have been published for
transplanted kidneys.
Acute renal failure, induced by warm ischemia
(e.g., by renal artery clamping) or by the use of
nephro-toxic agents, has been studied by several
investigators. In the initial phase, i.e., during the first
hours after the ischemia, Riley et al [161, using the
microsphere method on dogs, observed a redistribu-
tion of blood flow towards the deep cortex, which is
contradictory to the present results. On the other
hand, many investigators, using the technique of
injecting the vascular tree with colloidal carbon or
silicon rubber, have found an obstruction of the
vasculature in the deep cortex and medulla [17—19,
331. This is in agreement with the present observa-
tions. Furthermore, it is also in keeping with the
findings of quantitative measurements of the initial
regional blood flow performed by means of the mi-
crosphere technique.
During the maintenance phase, i.e., two to three
days after initiation of renal failure, most investiga-
tions have shown a redistribution of the blood flow
towards the deep cortex [6, 8, 34]. In our opinion,
this might merely reflect a repair phase, secondary to
initial juxtamedullary ischemic damage, and need not
be regarded as contrary to the results reported here.
An evaluation of the causative factors underlying
the decreased blood flow in the cortico-medullary
region lies outside the frame of the present investiga-
tion. This decrease could be due to activation of the
renin-angiotensin system, as proposed by Thurau
[35] and others [36, 37] or, as suggested by Oken
[381, it might be due to an imbalance between vaso-
constrictor substances (angiotensin, catecholamines)
on the one hand and vasodilator substances (bradyki-
ni prostaglandins) on the other. Hypothetically, the
ischemia could disturb the synthesis of prostaglan-
dins, for example, in the renal medulla, and this,
together with deficient transport to the possible site
of action in the deep glomeruli, could lead to a
predominance of vasoconstrictors primarily in the
deep cortex. Another possible explanation is that the
medulla might be more sensitive to ischemia than the
cortex. This seems unlikely, however, since the me-
dulla has a partly anaerobic metabolism even under
normal conditions [39] and ought to be less vulnera-
ble to anoxia. A cellular swelling in the juxtamedul-
lary region after ischemic injury has been reported
[18, 33, 401, and the reduced blood flow might be
secondary to an obstruction of the microvasculature
in this region. With longer periods of ischemia, the
midcortical zones were subjected to reduced blood
flow. This parallels the fact that the most serious
form of ischemic injury is a cortical necrosis with no
ability to restore renal function.
Furthermore, anatomical differences might influ-
ence the blood flow. The postglomerular capillary
bed of the juxtamedullary glomeruli is clearly elon-
gated and should have a higher resistance [41] than
that of the cortical peritubular capillary network.
This is supported by the observation that in the
kidneys exposed to the intermediate time of cold
ischemia, 12 hr, there was filling of the shorter vasa
recta limbs in the outer zone, but not in the longer
loops extending down into the papilla.
Reprint requests to Dr. B. J. Norlén, Department of Urology,
University Hospital, S-750 14 Uppsala, Sweden.
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